Abstract. The 3-angstrom electron density map of crystalline yeast phenylalanine transfer RNA has provided us with a complete three-dimensional model which defines the positions of all of the nucleotide residues in the moleclule. The overall features of the molecule are virtually the same as those seen at a resolution of 4 angstroms except that many additional details of tertiary structure are now visualized. Ten types of hydrogen bonding are identified which define the specificity of tertiary interactions. The molecule is also stabilized by considerable stacking of the planar purines and pyritnidines. This tertiary structuire explains, in a simtiple and direct fashion, chemical modification studies of transfer RNA. Since most of the tertiary interactions involve nucleotides which are commnon to all transfer RNA 's, it is likely that this three-dimensional structure provides a basic pattern of folding which may help to clarify the three-dimensional structure of all transfer RNA's.
The three-dimensional structure of transfer RNA (tRNA) is of considerable interest in that it may provide insight into its mode of action. Approximately a year and a half ago, we reported the overall backbone conformation of yeast phenylalanine tRNA as obtained from an x-ray diffraction study at a resolution of 4.0 A (1). This showed that the molecule is Lshaped with the anticodon loop at one end of the L, the amino acid acceptor at the other end, and the TJC (2) and D loops of the familiar tRNA cloverleaf structure meeting at the corner. We found that the hydrogen bonding implied in the cloverleaf structure ( Fig. 1 ) was maintained in this three-dimensional structure. The nucleotide sequences of over 60 tRNA's have been reported and all of them maintain the same secondary cloverleaf structure (3) . In addition, certain nucleotides at particular positions on the cloverleaf are retained in all tRNA molecules. Several months ago, we reported an electron density map at a resolution of 3 A in which individual ribose groups, phosphate groups, and bases are visualized (4) . This map confirmed the overall flow of the polynucleotide backbone which we had reported 1 year earlier. At that time, we considered alternative interpretations of the 3-A electron density map which differed from each other in the identification of particular peaks of electron density with individual nucleotides. One of these interpretations was 2 AUGUST 1974 described (4) . However, further analysis and interpretation of the 3-A electron density map has led us to conclude that an alternative assignment of nucleotides was more reasonable. Some of the detailed assignments of nucleotide residues to electron density peaks were in error, even though the overall tracing of the backbone was generally correct. We Form of the molecule. Figure 1 shows the nucleotide sequence of yeast phenylalanine tRNA (6 The most striking feature of the molecule as seen in Fig. 2 which the polynucleotide backbone continues in a manner which is almost helical so as to align the bases in a series of planes which are largely stacked on the G53 C61 base pair at the end of the T4C stem. In going out along the stem beyond the G53 C61 pair, the first plane has a base pair involving hydrogen bonding between T54 and m1A58. The electron density (Fig. 5a) suggests that the hydrogen bonding involves the N7 and the amino N6 of adenine bonding, respectively, with N3 and 02 of thymine. The presence of the methyl group on the adenine NI position means it is impossible to use normal Watson-Crick hydrogen bonding for the pair. The next plane further out along the loop contains '55 and G18 of the D loop (see Fig.  3 ). These two bases are within hydrogen-bonding distance, but at the present time we cannot decide unambiguously whether one or two hydrogen bonds are involved. The next plane contains the guanine of G57, which is stacked in between G18 and G19. However, G57 is not involved in hydrogen bonding with any other base but its amino group appears to be forming a hydrogen bond to a nearby ribose. The final base plane at the end of the T*C loop and at the corner of the molecule involves a normal hydrog-n-bonding interaction between C56 and GI 9, as shown in Fig. 5b lengthened by the addition of two base pairs as described above (GiS -C48 and U8 A14 This close relation may involve one or two hydrogen bonds.
The most striking feature of this center part of the molecule is the extent to which the bases of the variable loop occupy the major groove of the D stem. The only exception to this is residue U47, which protrudes away from the stem so that the uracil is completely external and not stacked. Residue G45 has its guanine stacked into the center of the stem although it is tilted relative to the two bases on either side, A44 and A9 (see Fig. 3 ).
D loop. This is on the outside of the molecule where it overlaps and covers part of the T4C loop. This feature of the molecule was apparent in the tracing of the chain at 4-A resolution (]). We describe the loop sequentially. As mentioned above, residue A14 of the D loop is hydrogen bonded to U8, while G15 is hydrogen bonded to C48. The two dihydrouracil nucleotides Dl6 and DI 7 appear as a kind of bulge on the exterior as the polynucleotide chain loops out in such a way as to leave both dihydrouracil rings on the outside of the molecule. The chain then abruptly turns into the molecule where the guanine of G18 is intercalated between the adenine of m1A58 and G57 of the T*C loop (see Fig. 3 ). Guanine of G19 is hydrogen bonded to C56 as described above, while the guanine of G20 is in a region that loops out so that the guanine base is exposed. The adenine of A21 is hydrogen bonded as described above. Fig. 3 . These are involved in the interactions associated with the twofold rotation symmetry axis in the crystal; the fine details of these interactions will be described elsewhere.
An interesting feature is found at the junction of the D stem and the anticodon stem. Although the dimethyl G26 is clearly stacked between the ends cf the D and anticodon stems, the base of A44 does not appear to be in van der Waals contact with G45 but instead some empty space is found between them. This suggests the possibility of some movement of the anticodon stem and loop relative to the remainder of the molecule when tRNA is not in the crystal lattice.
T4C and acceptor stems. There are relatively few interactions between the T'C and acceptor stems and the rest of the molecule, in contrast to the numerous interactions involving the D stem. Both the major and minor grooves of both these stems are accessible to solvent. As mentioned previously (4) , the electron density associated with the base pair G4 U69 lies between G3 -C70 and A5 U68 in a stacking interaction. At the present time, we cannot say with certainty whether this involves one or two hydrogen bonds. At the end of the acceptor stem, the base of A73 is stacked on the base pair GI -C72, while the remaining residues 74 through 76 are approximately an extension of the helical stem.
To facilitate understanding of the molecule, we have reproduced in Fig. 6 a computer drawing which shows the relative positions of the phosphate and ribose groups together with dotted lines indicating the hydrogen bonding associated with secondary interactions. This diagram, together with the schematic diagram in Fig. 3 , may help in visual-SCIENCE, VOL. 185 izing the overall structure of the molecule.
Hydrogen-bonding and stacking interactions. We have defined hydrogenbonding tertiary interactions as those which arise where there are electron density peaks associated with purines and pyrimidines in positions close enough to assume that the bases will be connected by hydrogen bonds. Examples are shown in the electron density maps of Fig. 5 . In describing hydrogen-bonding interactions, we have indicated that some of the tertiary interactions may be associated with either one or two hydrogen bonds. The uncertainty arises from the fact that in some cases the electron density associated with the base does not define its position adequately for discrimination. An extension of this study to higher resolution and the introduction of multiple phasing methods should lead to the resolution of these ambiguities. Most of the bases involved in the tertiary interactions are stacked parallel to the bases in stem regions. Thus, the tertiary interactions which promote the stability of the molecule include stacking interactions as well as hydrogenbonding networks. The latter provide a key element of specificity in the threedimensional folding of the molecule.
In Fig. 1 we have circled the bases which are common to most tRNA molecules. If we ignore the bases in the CCA end of the molecule and in the anticodon loop, a total of 15 nucleotides are circled either as constant bases or constant purines or pyrimidines. It is interesting to note that 2 of these are involved in secondary structure (G53 -C61) and 13 are involved in hydrogen-bonding interactions which contribute to the specificity of tertiary structure, if we include the possible interaction between C60 and C61 discussed above. Only one base (G57) is involved in stacking interactions without forming any apparent hydrogen bonds to other nucleotides.
We have described ten hydrogenbonded tertiary interactions, and most of these involve bases which are constant features of tRNA structures (3) . Some of these interactions have been proposed by previous investigators who have tried to assemble molecular models of tRNA tertiary structure. Levitt (9) , for example, postulated 11 tertiary interactions, and 5 of those are among the 10 which we observe in the present structure. Similiarly, none of the residues in the T*C loop are exposed and none are chemically modified. Residues 8 and 9 are likewise blocked. In the variable loop, residue U47 is the only one not involved either in hydrogen bonding or in an intercalative stacking interaction. That residue sits outside the molecule and is readily modified chemically. Most of the residues in the anticodon loop are available for chemical modification. A possible exception to this may be associated with a stacking interaction which we observe between residues C32 and U33 and which suggests that they may not be fully exposed. Residue A73 is stacked on the end of the acceptor stem overlapping the base pair G1 * C72. Perhaps the stability of this stacking interaction is enough to prevent ready accessibility for chemical modification. In this model, residue U8 is parallel to and almost stacked over residue Cl 3. These residues are readily cross-linked by ultraviolet light in Escherichia coli tRNA, in which residue 8 is 4-thiouracil (10). The close proximity of these bases makes that readily understandable. An interesting chemical modification has been reported in which a photoaffinity label has been attached to S4 of 4-thiouracil in position 8 of E. coli tRNA (11) . Even though this affinity label is attached, the tRNA is fully chargeable and it participates readily in protein synthesis. This is understandable from inspection of the model, since the hydrogen bonding between U8 and A14 involves the uracil 02 rather than 04. Oxygen 4 is available to the solvent since it lies at the bottom of a U-shaped trough on the surface of the molecule.
Since most of the constant bases in all tRNA sequences are involved in these tertiary interactions, the threedimensional structure of phenylalanine tRNA may serve as a model for understanding the structure of all tRNA's. In particular, it may serve as a very good guide for understanding the tertiary interactions of tRNA species which have four base pairs in the D stem and five nucleotides in the variable loop. However, it is likely that some additional tertiary interactions will be found as we explore the structure of other tRNA molecules, especially those with large loops. Brine ponds should be considered as solar energy collectors.
